Peer interactions have been argued to play a major role in student academic achievement.
Introduction
The relationship between peers and student outcomes has been widely studied in economics. 1 This research has measured peer effects using the unweighted linear mean of behaviors or outcomes from an assigned reference group. Largely due to data limitations, the effects have been aggregated at the school, grade, classroom or dorm level in these studies. Aggregating in this manner, however, ignores significant information both about who students interact with, and the variation in the strength of interactions across different group members.
To account for the structure of interactions, a new line of research has defined peer effects as the centrality of the student within their social networks. 2 These various measures of centrality are generally referred to as popularity. Social networks can capture how information, social norms, obligations and sanctions are conveyed within social groups. 3 If connected individuals are concerned with group perception, as the work on social identity suggests, the relationship between popularity and outcomes will be positive. 4 Evidence of a significant positive relationship between popularity and outcomes can be found in the sociology literature in the context of adolescent criminal behavior and more recently in economic studies examining academic achievement 5 .
Maintaining friendships is a time intensive process which can crowd out other activities. For example, there is evidence that adolescents spend a significant amount of time with each other, and that this time spent together is recreational, rather than task oriented. 6 If the crowded out activities impact the outcomes under consideration, then this could lead to popularity and outcomes being negatively related.
While these arguments for the relationship between popularity and outcomes are both com-1 Some examples are Evans et al. (1992) , Betts & Morrell (1999) , Arcidiacono & Nicholson (2001) , Gaviria & Raphael (2001) , Sacerdote (2001) , Hanushek et al. (2003) , Zimmerman (2003) , and Arcidiacono et al. (2005) .
2 For an introduction to social network analysis, see Wasserman & Faust (1994) . The economic theory of networks is reviewed in Jackson (2006) .
3 See Haynie & Payne (2006) 4 Akerlof & Kranton (2005) examine social identity as a function of individual utility. See Fryer & Jackson (2007) and Antecol & Cobb-Clark (2004) for additional work related to the economics of identity.
5 See Haynie (2001) results on criminal behavior and Calvo-Armengol et al. (2005) and Fryer & Torelli (2005) for work on academic achievement.
6 See Montemayor (1982) . Summary statistics from the American Time Use Survey indicate that respondents who are under 18 years of age spend less than 3 percent of their time in educational activities when they are with friends.
pelling, they overlook a key concern: individuals choose whom to associate with and these associations may be influenced by characteristics unobserved to the econometrician. For example, a student may have an outgoing personality or be self-confident; these characteristics can lead to more of her classmates choosing her as a friend, and may also lead to stronger academic performance. In this case ignoring the impact of such unobserved characteristics would incorrectly attribute their effect to popularity and lead to biased results. This paper considers the effect of popularity on academic achievement, and ascertains the robustness of previous results to endogenous friendship formation. Popularity is measured by several indices describing the centrality of the individual in their school network. The impact of these measures is evaluated on academic achievement with and without the inclusion of controls for unobserved characteristics. The effect of endogenous friendship formation is identified from variation in the demographic composition of students within grades by gender in a given school.
The data used in this study is from the National Longitudinal Study of Adolescent Youth (Add Health). This survey contains detailed information on a sample of over 90,000 students. A crucial feature of the data for this analysis is the question asking the respondents to list up to five best male and female friends. These listings can be linked to individual identifiers, allowing for the reconstruction of social networks within the school. A number of popularity indices are calculated on these networks, each measuring a different aspect of peer interaction.
Results from the baseline model without controls for endogenous friendships indicate that popularity has a significant positive effect on academic achievement. Including fixed effects to control for unobserved school/grade quality leads to minor changes in the effect of popularity, with the effects remaining positive and significant.
To control for endogenous friendship formation, an instrumental variables regression is estimated where the interaction of individual demographic characteristics and the grade by gender composition of these characteristics are used as instruments for popularity. These instruments capture the extent to which the individual matches with students in their grade, and are valid if the extent of matching is correlated with friendship formation, but matching does not directly influence academic achievement. This strategy identifies the parameters from variation in composition of demographic variables within schools and grades across genders.
The results from these regressions find strong evidence that friendship selection is endogenous, and diverge significantly from previous findings regarding the impact of popularity on outcomes.
The results turn from significantly positive in the baseline model to significantly negative in all of the specifications after instrumenting. For example, considering a person receiving two additional nominations as a friend, the baseline results imply an increase in GPA of .09 points, whereas GPA drops .21 points after controls for selection are included. The results indicate that the negative effect of time constraints outweighs the positive effect of information sharing in the relationship between popularity and academic outcomes.
The paper proceeds in the following manner. Section 2 reviews the relevant literature and explains the major contributions of this paper to this line of research. Section 3 describes the Add Health data and its key feature in making this estimation possible. Section 4 describes the various popularity indices, and Section 5 describes the estimation procedure. Section 6 presents the results, and Section 7 concludes.
Related Literature
The impact of social networks on individual outcomes and the process of friendship formation are areas of research that have been studied independently in many social science disciplines. The following section gives a general overview of the literature, and explains how the current study adds to existing work.
Social Network Effects
The majority of economics studies measure peer effects as a function of student characteristics or student behaviors. 7 These studies assume that associations are within the specified peer group, and 7 Examples are Arcidiacono & Nicholson (2001) , Gaviria & Raphael (2001) , Betts & Morrell (1999) , and Evans et al. (1992) . An exception is Kinsler (2006) which uses peer disruptive behavior as a measure of peer effects. that these interactions are captured by the unweighted average across the group. Mihaly (2007) shows that using the incorrect peer group can lead to a significant downward bias of the effect of peers on student delinquency. There is also conflicting evidence as to whether using the unweighted linear average is a close approximation of the true nature of interactions. 8 Weinberg (2006) models student association and behavior simultaneously, and uses Add Health data to test implications of a theoretical model. He finds strong evidence that endogenous associations imply nonlinear peer interaction. In addition, Hoxby & Weingarth (2005) find that the linear model is misspecified and leads to biased estimates.
Sociologists have suggested using the peer network structure as a different measure of peer effects.
Social network theory holds that individuals in networks are constrained in their behavior to become consistent with norms and behaviors of the network. This implies that the structure of networks has an impact on individual behavior. Haynie (2001) uses Add Health data to examine how the structural properties of social networks influence the association between own and peer delinquency among high school students. The results indicate a negative correlation between network measures and delinquency, where the strongest effects are captured by network density and centrality.
Network effects have recently received more attention in the economics literature. 9 The majority of the studies focus on theoretical models of network formation and interaction. 10 An exception is Calvo-Armengol et al. (2005) which examines social network effects on educational outcomes.
They find that a particular measure of network centrality called the Bonacich index emerges as the only Nash Equilibrium to a game where agents embedded in a social network choose actions simultaneously as a function of network member actions. Using Add Health data, they examine the impact of networks on academic achievement and find that increasing centrality in the network implies a significant increase in academic achievement. The key differences between this paper and Calvo- Armengol et al. (2005) is that instead of calculating centrality in a network structure that is 8 Marmaros & Sacerdote (2003) show there is a positive correlation between friend and average group behavior, where the magnitude depends on the specification of the peer group. See Manski (1993) , Moffitt (2001) and Brock & Durlauf (2001) for issues concerning identifying social interactions.
9 See Jackson (2006) for a review of the literature with an emphasis on theoretical models. assumed to be exogenous, the estimation procedure accounts for the fact that students are sorting into friendships which leads to the network structure.
Friendship Formation
A number of studies have examined the relationship between race and friendships. There is descriptive evidence that the racial composition of schools influences the extent of interracial friendships. 11
Most studies find that there is significant segregation between students, and the majority of the segregation is along race. In sociology, homophily is the theory that people prefer others who are similar to themselves along multiple dimensions. There is significant evidence of homophily along racial, economic, and cultural lines, which lends support to the use of demographic composition as an instrument for network centrality. 12 This descriptive evidence also indicates that simply redistributing students by race may not imply increased cross-racial interaction if students are choosing to self-segregate. Echenique & Fryer (2007) examine the extent of within school segregation using a measure similar to the Bonacich centrality index which they show disaggregates to the individual and is a function of the segregation of the individual's network. They emphasize that the level of within school segregation is nonlinear in the percent of the minority in the school. 13 Marmaros & Sacerdote (2003) measure friendships as the volume of emails exchanged by Dartmouth College students and alumni. They find that race, geographic proximity and same matriculating class are strong predictors of friendships, more important than common interests and similar family background. Mayer & Puller (2008) model the process of friendship network formation using data from Facebook. They find that friendships are significantly influenced by race and similarity in education, and a large percent of friendships can be explained by meeting friends of friends. This last result is suggestive evidence of the importance of social networks effects.
Similar to these last two papers, here we allow network centrality to vary by matching on race 11 Joyner & Kao (2001) provide correlations of school race and extent of cross-race friendships. Quillian & Campbel (2003) examine the effect of the increase of Hispanics and Asians on black-white cross race friendships.
12 See Miller McPherson & Cook (2001) for an extensive review of the sociology literature on homophily. 13 A similar result is found in Moody (2001) .
and family background. One difference is that our measures of friendships are directly from students' responses to the survey. While emails exchanged may proxy for true friendships, it is likely that they are noisy measures of the individuals who are influential in a student's life. 14 Another difference is that we take an additional step and examine the effect of friendships on student outcomes. Mayer & Puller (2008) provide some evidence on outcomes, but they do not control for the endogenous nature of the centrality measures.
Data
This paper uses data from the National Longitudinal Study of Adolescent Youth (Add Health), a nationally representative longitudinal school-based survey of students in grades 7-12. 15 The survey contains information on 90,118 students in 145 schools, with the first wave of the survey administered in 1994. 16 The research design of the survey focused on capturing the social environment of adolescents. As a result, information was collected from school administrators about school and neighborhood communities, and a random sample of students along with their parents were interviewed in depth about their home environment and individual behaviors.
Along with providing detailed demographic characteristics, all respondents are asked the following question: "List your closest male/female friends. List your best male/female friend first, then your next best friend, and so on." Students were allowed to list up to 5 friends of both gender.
Unlike many previous studies on peer influence, the identity of the peers and their characteristics come from the survey responses of the peers themselves rather than the original respondents. The nominated students who attend the survey schools can be linked to student identifiers, which makes it possible to reconstruct social networks within the school. 17
14 Similarly, it can be argued that Facebook friendship nominations are noisy measures of who the student interacts with on a daily basis and therefore influences their behavior.
15 For a description of the data see Chantala (2003) and the Add Health website at http://www.cpc.unc.edu/addhealth.
16 Subsequent waves of the survey were administered to a sub-sample of the students in 1996 and 2001, with a fourth wave planned to start in 2008. Unfortunately the full friendship nominations were only collected in the first wave, and therefore the longitudinal aspect of the survey is not utilized in this paper.
17 Approximately 5% of the nominations are dropped because they are students who do not attend the school. An additional 8% are dropped because they are students who are in the school but not on the directory of names used to Summary statistics of the variables used in the estimation of the academic outcome equations are given in Table 2 . The sample is equally divided among genders, 59% of the sample is white, and 16% is black. The "Other Race" option was provided in the survey, and it accounts for 12% of the sample. "Mixed Race" students are those respondents who filled in multiple answers to the question of race, and account fo 7% of the sample. 20
The next few variables describe the family environment the respondents live in. Most students have mothers who work, and 78% live with their biological fathers. Mother's education is included as a proxy for student ability, with approximately 39% having a high school degree or less, and 43%
identify students. 18 83% of friendships are within the same grade, therefore this is not a serious restriction. There is reason to believe that opposite sex friendships are not comparable to same sex friendships as they are more likely to be transitory. Similarly, older or younger friends may exert different types of influence than same grade friends.
19 Some of these zeros result from restricting the sample to same grade, same sex friendships. Section 1 in the Appendix explains the data coding for missing friendships 20 The answers to this question were non-mutually exclusive.
attending college, regardless of degree completion. Additional variables include 3% of the sample being adopted, 17% living in a family with more than 5 people, and 8% being foreign born.
The outcome variable of interest is summarized in the last line, where academic achievement is measured by GPA, the mean of the Math, English, History and Science self-reported grades. These self reported grades refer to the most recent grading period prior to the survey, with a 4 being equivalent to an A and 1 is equivalent to a D or worse. 21 Students score somewhat higher than a C+ on average with a fair amount of variation. The instruments used in the estimation are the grade by gender composition of race, ethnicity, and mother's education. 22 Because friendships are restricted to be the same gender, the aggregation for the instruments is also within grade by gender. Variation in these characteristics is required to identify the parameters in the instrumenting strategy. Figure 1 shows the distribution of these 21 Add Health collected transcript data for a small subset of individuals. While these measures are not directly comparable, approximately 12.5% of students report a grade that is more than 1 grade point larger than the grade they received on their transcript, and almost 20% report a grade that is lower than their transcript average. Therefore, there does not seem to be a systematic misrepresentation of grades by the respondents.
22 See Section 5 for the estimation strategy. Given that the specification includes school/grade fixed effects, the coefficients will be identified off of within grade variation in the gender level composition of these variables. The composition of demographic characteristics across genders is a plausibly random source of variation. To examine the extent of variation, Table 3 summarizes the difference in Male and Female average composition of demographic characteristics. For example, the first line refers to the difference in the percentage white of boys and girls within a grade by school. As expected, the differences in mean composition are centered around zero. Considering the minimum and maximum values, we can see that there are random composition changes within grade in all of the variables. Returning to the percentage white as an example, a certain grade of a given school has 11.5 percentage points more girls who are white than for boys. This variation is likely random and drives the identification of the parameters in the instrumenting strategy. 
Network Measures
Social network theory holds that networks constrain individual behavior to become consistent with norms and behaviors within the network. In order to measure the structural effect of the network on the individual, a number of different tools have been introduced in sociology, mathematics and computer science. To fully understand these measures, some notation is first introduced and the different network measures used are described. The four measures considered can be broken up into two categories: local network measures and global network measures. The local network measure is the in-degree centrality, while the global network measures include network density and two types of eigenvector centrality measures. 23 These four measures each capture different aspects of popularity, and they produce a different ordering when students are ranked based on the indices.
Let G denote the adjacency matrix of a given network, with g ij = 1 indicating a link between node i and j. In the context of this paper the network is the collection of student of the same sex in a given school and grade, the nodes represent the students and the links represent friendships. There is no assumption about g ji if g ij = 1, implying that friendships are not restricted to be reciprocal and the adjacency matrix is not symmetric.
A number of different indices have been developed to capture the local centrality of an individual in the network. The simplest of these is the degree centrality of the node, which counts the number of connections between the node and others. The individual in-degree (IDEG) of a node counts the number of links pointing to that node. This measure captures the influence of the immediate network of the individual -the extent to which friend interaction influences behavior. In graph notation, the individual in-degree is given by the column sum of G,
where 1 is an N × 1 vector of ones, where N is the number of people in network G.
A basic measure describing the global network is network density (DENS). Density is defined as
the number of links in the graph divided by the total possible number of links. The expression for density is given by
This measure differs from the other indices described below because it varies across networks, not individuals. 24 The density captures the cohesiveness of the network, the extent to which information flowing through the network is reinforced. The first measure of eigenvector centrality considered is the Spectral Popularity Index (SPI)
24 Due to the survey design of Add Health, the denominator is 5N instead of N (N − 1), since the maximum number of friendship nominations is restricted to 5.
proposed in Bonacich (1972) , and developed in the economics context by Echenique & Fryer (2007) as a measure of segregation and Fryer & Torelli (2005) to measure within race popularity. This measure takes centrality to be the weighted average of the individual's friends' centrality. It is defined recursively as
whereC SP I is the average of the individual Spectral Popularity Indices within the connected component.
This system of equations can be solved using eigen decomposition. Let λ k be defined as the largest eigenvalue of connected component G k , with the corresponding eigenvector denoted by x k .
The solution to Equation 3 is given by
Echenique derive three properties of this index: monotonicity (an increase in the number of connections implies an increase in popularity), homogeneity (multiplying the eigenvector by its eigenvalue allows comparability across connected components), and linearity (dividing by the average eigenvector normalizes the effect of popularity within the connected component).
Bonacich (1991) introduced a more flexible formulation of eigenvector centrality. The Bonacich
Eigenvector Centrality (BONA) allows for discounting the centrality of those further away from the node, and assumes a different normalization. The recursive formulation is
where α is a normalizing parameter, and β is a measure of the extent to which the centrality of those further in the network is weighted. Solving for the index results in
Setting β = . In this application β is chosen to be 1 2λ k , implying that the centrality of those further in the network are weighted half as much as in the Spectral Popularity Index. 25
The popularity indices described above are summarized in Table 4 . Standard features of social networks are exhibited in the Add Health friendship networks. The degree distribution is right skewed with a low mean, and a fat tail. There is significant variation in the density and the centrality of individuals as measured by both of the eigenvector centrality indices. Table 5 shows the correlation matrix of the popularity indices. The Bonacich Centrality measure is more correlated with density than the Spectral Popularity Index because it weighs the popularity of closer friends more heavily. There is a fair amount of correlation between the two eigenvector centrality measures, but it is evident that they are not identical. From the correlation matrix it is clear that each of the popularity indices will result in a different ranking of students within networks and will capture different aspects of popularity therefore measuring different types of information sharing.
25 The parameter α is chosen such that the norm of the eigenvector equals the number of observations, thereby controlling for network size. This results in an index where a value of 1 corresponds to the median centrality in that network. It is interesting to note that this measure of centrality is similar to PageRank, the algorithm used by Google to rank web pages. 
Estimation
The primary equation of interest is the academic achievement function. It is modeled as a function of demographic, school and peer variables. While previous studies use various measures of peer effects, here the impact of peers on individual achievement is captured by the popularity of the student among her peers. A student's popularity can improve achievement if this sense of security allows for improved concentration, but can also detract from achievement if being popular taxes a student's limited time, and leads to less studying.
The achievement equation of student i is given by:
The X i include demographic characteristics, and unobserved differences at the school/grade level are controlled with fixed effects denoted by φ sg . To allow for the most flexible formulation of the model, there is a separate fixed effect for each school/grade combination. C i are the four measures of popularity described in Section 4, and are assumed to be known by the student. The main parameter of interest is δ which captures the effect of student popularity on academic achievement.
If some students are more likeable than others because, for example, they match on observable characteristics with others in their grade, then they will have higher measures of popularity, and the coefficient of interest δ will be biased. To correct for this type bias, an instrumenting strategy is implemented. Equation 7 is estimated, with the first stage being
where Z i = X i ×X gg . The instruments used are the interactions of individual characteristics X i with the mean of that characteristic in the grade by gender. The characteristics used include race, ethnicity and mother's education, and are summarized in Table 2 . These instruments control for the endogeneity of the popularity measures by capturing the extent of matching on observable characteristics by students with those in their grade and of the same gender.
The identification of the peer effect parameter comes from within school variation across grades in the mean demographic characteristics of students. Figure 1 shows that there is significant variation in these measures. An underlying assumption is that the mean characteristics calculated at the grade/gender level interacted with the individual characteristics do not directly influence the academic achievement of the student. Table 6 shows the results from the baseline academic achievement equation, with each column labeled by the respective popularity measure used in the regression. Focusing first on the demographic characteristics, in all of the equations coefficients are of the expected sign and magnitude. The size of the coefficients do not vary across the specifications, so they will be considered in general. Girls report sizeably higher grades than boys. Compared to the white students, who are the excluded category, most races report significantly lower grades, with the exception of asian students who score 1/4 of a grade point average higher. Hispanics report lower grades than non-hispanics, while stay at home mothers do not significantly affect reported grades. Having a mother with some college education has a significant positive impact on achievement, and the effect of living with the biological father is also large and significant.
Results

Baseline Model
Turning to the popularity measures, note that they are all positive and statistically significant at the 1% level. Having an additional classmate nominate the student as a friend implies a small increase in GPA. Attending a school that is more dense has a larger positive effect. The two eigenvector centrality measures also imply an increase in GPA, although the magnitude of the effects vary considerably, a concern which is addressed below.
Including school/grade fixed effects in the specification results in minor changes to the demographic coefficients. These fixed effects control for unobserved school and neighborhood quality, as well as differences across grades. The demographic coefficients now being identified off of within school/grade variation in the characteristics. The results are reported in Table 7 . The most noticeable change is the improvement in the precision of the regressions, with all of the Adjusted R 2 measures increasing in these specifications. The explanatory variables remain the same, with the exceptions of the coefficient on foreign born becoming statistically significant and more positive, indicating that these students typically attend lower quality schools. The coefficients on popularity do not change, with the exception of Density. The decrease in the coefficient on density can be explained by considering that this is the only centrality measure that is defined at the network, not individual level.
To ease comparability of the popularity measures and standardize the size of the coefficients, Table 8 isolates the effect of popularity on academic achievement from the above regressions. In addition, the effect of a one standard deviation increase in the popularity measure on achievement is considered. The Individual In-degree and Bonacich Eigenvector Centrality measures have the largest effects, with the other two popularity measures having a similar, though smaller effect. The magnitude of these effects are somewhat smaller than the effect of demographic characteristics. Note: ** is significant at the 1% level, * is significant at the 5% level. Note: ** is significant at the 1% level, * is significant at the 5% level. Std. Dev. Increase is the effect of a one standard deviation increase of the popularity measure on individual academic achievement.
Instrumental Variables
To correct for the possible bias due to selection in the popularity indices the instrumenting strategy is implemented. Table 9 shows the results from estimating equations 7 and 8. 26 There are no significant changes in the effect of demographics after instrumenting. However, the coefficient on all of the popularity measures become statistically significantly negative in these equations. 27 In addition, the magnitude of coefficients on popularity is now significantly larger. These results indicate that the baseline coefficients are biased due to endogeneity. Table 10 isolates the peer effect coefficients from Tables 7 and 9 and displays the effect of a one standard deviation increase in the popularity measures. In considering the magnitude of these effects, it is useful to express the change in GPA relative to its standard deviation. Prior to instrumenting, a one standard deviation increase in the popularity measures lead to a one-eighth standard deviation increase in GPA. After the instrumenting strategy is implemented, the results indicate a drop in GPA of up to two-thirds of a standard deviation. The magnitude of the drop in the GPA in some cases outweighs the effect of many of the demographic characteristics.
26 The first stage coefficients are jointly significant in all four regressions. Table 2 in the Appendix gives the results of various specification tests for the 2SLS estimation.
27 The results for the spectral popularity index are not as strong as the other specifications, but the coefficient is still negative. The instruments for spi do not pass the rule of thumb test for weak instruments. See Table 2 in the Appendix for more information. Note: ** is significant at the 1% level, * is significant at the 5% level. Note: ** is significant at the 1% level, * is significant at the 5% level. Std. Dev. Increase is the effect of a one standard deviation increase of the popularity measure on individual academic achievement.
Conclusions
This paper provides evidence on the robustness of previous findings on the relationship between popularity and academic outcomes. The Add Health dataset is used to reconstruct social networks in schools and calculate various indices of network centrality previously used in works by sociologists. The instrumenting strategy controls for the endogenous nature of friendships, using plausibly exogenous variation in the school/grade/gender group composition of student characteristics.
The results indicate that in the baseline regression popularity has a significant positive effect on academic achievement, similar to the findings in previous work. Adding fixed effects to control for unobserved school/grade quality does not change the estimates but does improve the precision of the model. Controlling for the endogenous nature of friendships with the instruments result in a significant drop in the coefficients on popularity, with all of the specifications now having statistically significantly negative coefficients.
While the exact avenue for this negative effect cannot be explained by this model, it does appear that given the time constraints students face in their daily lives and the types of activities they engage in with friends, more popular students perform worse in school. Further research is required to understand the avenues of these effects and to examine whether restricting student interactions to those where learning activities are encouraged can lead to better performance in school.
Appendix
Missing Friendships
The Add Health survey asked students to up to list five male and five female friends. The analysis in this study focuses on same sex friendships, resulting in the maximum number of friends being restricted to five. In addition, the friends are restricted to be in the same grade as the respondent.
This results in approximately 16 percent of friendships being dropped from the analysis.
In addition to the cases where no friends were listed, there were three types of friendships recorded where there was no survey information available about the friend, and would therefore show up in the data as zero friends. The first case is where the respondent listed a friend who did not attend either the respondent's school or the feeder middle school. The second case is where the friend listed attended the feeder school but did not fill out the survey. Finally, there were students listed as friends who were known to attend the respondent's school but did not themselves fill out a survey. Because the instrumenting strategy relies on the composition of the school, and these friends could not be included in the composition calculation, they were coded as missing friends. Table 1 summarizes the breakdown of missing friendships. 
